Abstract-Pressure ulcers are a large problem in individuals who use a wheelchair for their mobility and have limited trunk stability and motor function. Because no relation between interface pressure and pressure ulcer development has been established and no clinical threshold for pressure ulcer development can be given, looking at the sitting behavior of nondisabled individuals is important. Nondisabled individuals do not develop pressure ulcers because they continuously shift posture. We analyzed the sitting behavior of 25 nondisabled male subjects by using a combination of interface pressure measurement and subcutaneous tissue oxygenation measurement by means of the Oxygen to See. These subjects shifted posture on average 7.8 +/-5.2 times an hour. These posture shifts were merely a combination of posture shifts in the frontal and sagittal plane. Subcutaneous oxygen saturation increased on average 2.2% with each posture adjustment, indicating a positive effect of posture shifts on tissue viability. The results of this study can be used as a reference for seating interventions aimed at preventing pressure ulcers. Changing the sitting load at least every 8 minutes is recommended for wheelchair users.
INTRODUCTION
A pressure ulcer is defined as "localized injury to the skin and/or underlying tissue, usually over a bony prominence, as a result of pressure, or pressure in combination with shear and/or friction" [1] . Pressure ulcers are a large problem in individuals who use a wheelchair for their mobility. These individuals, especially those with limited trunk stability and limited motor function, sit in a wheelchair for long, consecutive periods of time, mostly in one posture. As a consequence, pressure ulcers can develop because of an unbalanced match between the external load and the ability of the skin and subcutaneous tissue to withstand that load. Prevalence values of pressure ulcers are high and have been reported to be 15.5 percent in U.S. healthcare facilities, with 28.0 percent of the pressure ulcers located at the sacrum and 17.2 percent at the buttocks [2] . Prevalence values of 18.1 percent have been reported in European standard and academic hospitals [3] .
A distinction can be made between superficial and deep pressure ulcers, both having a different etiology [4] [5] [6] . Deep pressure ulcers are understood to result from prolonged pressure and usually develop near the bony prominences where internal pressures are high. Superficial ulcers have been suggested to develop not as a result of pressure but rather as a result of shear and trauma to the tissue [7] . Unfortunately, no specific prevalence values for superficial or deep pressure ulcers are available.
Current clinical practices for assessing the risk of pressure ulcers focus on the interface pressure (the pressure between seat and body) during static load in one presumed optimal posture. Quantifying the risk of developing pressure ulcers during static load and assessing the influence of a specific seating device require a relevant measure of this risk. Despite the fact that much research has been performed on the etiology and prevention of pressure ulcers, a threshold value for the development of deep pressure ulcers, in terms of magnitude or duration, is still lacking. Moreover, the relation between interface pressure and the probability of pressure ulcer development is not consistent [8] . In addition, the developed pressure time curves predict that pressure ulcers will develop eventually, even with optimal pressure distribution [9] [10] . This prediction has been confirmed by finite element modeling (FEM) techniques, and even with equally distributed pressures at the sitting interface, high pressure peaks have been shown to occur near the bony prominence [11] [12] [13] .
It is intuitively obvious that individuals with intact sensory and motor function do not develop pressure ulcers because of a continuous variation in sitting posture, even if they sit on very uncomfortable seats for prolonged time periods. Extrapolation of this sitting behavior to the current practice for wheelchair users with spinal cord injury (SCI) has resulted in Agency for Healthcare Research and Quality guidelines advising that the user lift him-or herself every 20 minutes or be repositioned every 2 hours [14] . However, lifting creates severe loads on shoulders and arms and the ability to reposition is often limited in wheelchair users. Therefore, attempts have been made to minimize the load on the tissue by means of dynamic cushions and seating devices that create an alternating load to increase tissue oxygenation. These seating systems were demonstrated to positively influence interface pressure and skin oxygenation [15] [16] . Other methods, such as electric gluteal muscle stimulation also showed effectiveness in decreasing the interface pressure, which might restore blood flow [17] . However, it is not clear what the optimal frequency of these seating interventions must be to increase the viability of the tissue.
The sitting behavior of nondisabled individuals can serve as a guide to these seating interventions. The sitting behavior of these individuals prevents tissue damage, like pressure ulcers, and can serve as a reference value for the sitting behavior that should be adopted by individuals with SCI. Furthermore, knowledge of healthy sitting behavior could also be valuable in the development of dynamic seating devices that can alter the load on the tissue to prevent pressure ulcers. An analysis of healthy sitting behavior was carried out by Linder-Ganz et al. [18] , who concluded that nondisabled subjects change their posture approximately every 9 minutes in the sagittal plane and approximately every 6 minutes in the frontal plane, as measured with pressure sensors and trunk movement analysis. Unfortunately, this study focused only on trunk movements and the external load on the tissue, as quantified by the interface pressure. However, an important determinant of deep pressure ulcer development is the internal pressure beneath the ischial tuberosities. FEM [11] [12] [13] and test-buttock experiments with pressure sensors [19] [20] have shown that the internal pressure exceeds the external pressure and that there are peaks in the muscle tissue due to compression of tissue beneath the bony prominences. Deep pressure ulcers originate in the muscle layer beneath the ischial tuberosities. Local subcutaneous tissue oxygenation is a direct derivative of the viability of the muscle tissue and is directly influenced by the internal pressure, which causes compression and occlusion. Up to a measurement depth of approximately 8 mm, the Oxygen to See (O2C) (LEA Medizintechnik; Giessen, Germany) is currently the only device capable of noninvasive measurement of (sub)cutaneous tissue oxygenation.
Because no relation between interface pressure and pressure ulcer development has been established and, as such, no clinical threshold for pressure ulcer development can be given, reference guidelines for dynamic sitting behavior might be obtained from knowledge of nondisabled subjects' sitting behavior. Therefore, the objective of this article is to describe healthy dynamic sitting behavior in terms of variation in pressure distribution and to investigate the effects of such sitting behavior on subcutaneous tissue oxygenation as a function of time.
METHODS
A cross-sectional study was performed. The study design was approved by the local medical and ethical committee.
Subjects
A total of 25 nondisabled subjects was recruited (mean ± standard deviation [SD] age = 26.0 ± 3.9 yr, height = 1.90 ± 0.07 m, weight = 80.2 ± 9.5 kg, body mass index [BMI] = 22.7 ± 2.2). All subjects were males between the ages of 18 and 50. Exclusion criteria were vascular diseases that could disturb blood flow (like diabetes) and the presence of pressure ulcers or other skin diseases. These conditions were checked by the medical staff before the study.
Equipment
A standard Ibis comfort wheelchair was used for this study (Handicare BV; Helmond, the Netherlands). The cushion of the Ibis comfort wheelchair was replaced with a custom-made cushion (Welzorg Special Products; Oldenzaal, the Netherlands). The wheelchair was equipped with a Tekscan CONFORMat pressure-mapping device (Tekscan Inc; Boston, Massachusetts) that measured the pressure distribution on the sitting surface. This pressuremapping device consists of 1,024 pressure sensors that are connected in a flexible way to minimize the hammocking effect. Sample rate of the pressure-mapping device was set at 1 Hz. The pressure-mapping device was calibrated weekly according to the manufacturer's guidelines.
Tissue perfusion and oxygenation were measured with the O2C. The O2C is a diagnostic device that uses laser Doppler flowmetry and diffuse-reflectance spectroscopy for the noninvasive determination of oxygen supply in blood-perfused tissue. The O2C transmits continuous wave laser light (830 nm and 30 mW) and white light (500-800 nm, 1 nm resolution, 20 W) to tissue, where it is scattered and collected on the skin surface at fibers in the probe. The sample frequency of the O2C is 0.5 Hz; therefore, it is capable of measuring the dynamic response in blood flow. The data are analyzed by comparison with prerecorded deoxygenated and oxygenated hemoglobin spectra. The O2C has four output parameters [21] of which only the percentage of oxygen saturation (SO 2 ), which is a relative measure and reflects the oxygen saturation of hemoglobin, was used in this study. The fiber-optic probes used by O2C incorporate both the laser Doppler method and broadband light spectroscopy techniques and measures at a maximum depth of approximately 8 mm. The probe was attached to the skin with surgical tape. The probe for subcutaneous measurement was attached beneath the right tuberosity.
Experimental Design
Subjects reported to the laboratory once and were instructed beforehand by a letter describing the experimental procedure. They also signed an informed consent.
Prior to the study, the probes of the O2C were securely attached to the skin with adhesive medical tape right beneath the ischial tuberosities. The probes were custom-made to prevent interference with the seating interface. As a result, no confounding effects of the probes on the measurements occurred. To prevent probe dislocation relative to the ischial tuberosity as a result of soft tissue displacement when sitting, the ischial tuberosity was localized by means of palpation with the subject lying on his side with his hips and knees flexed 90° to imitate the sitting position. The adhesive tape prevented the probe from moving as a result of posture shifts during the study. After attachment of the probe, the subject was transferred to the experimental wheelchair. Foot support was adjusted according to subject characteristics. Subjects were instructed to sit as comfortably and naturally as possible. After instruction, the measurement started and lasted for 60 minutes. A television showing a movie was placed at the horizontal level to distract the subjects. Temperature in the room was controlled at 21 °C.
Outcome Measures
Interface pressure, as measured with the pressuremapping device, is expressed by the dispersion index (DI) [22] . DI is a relative measure of the load on the sitting surface and is defined as the load on one tuberal zone divided by the total load on the sitting surface as measured with the pressure-mapping device. The advantage of expressing the pressure data in a relative measure like DI is that reliability issues like creep and drift are bypassed. Raw data from the pressure mapping device were exported in ASCII (American Standard Code for Information Interchange) format. A MATLAB script (The MathWorks; Nattick, Massachusetts) was used to define pressure peaks in a region that was expected to surround the ischial tuberosities; this region was defined by a zone of 6 × 6 pressure sensors (9 × 9 cm) to calculate the DI. A lower DI value means that the load is more evenly distributed (i.e., dispersed) on the total sitting contact surface as opposed to being located at two points (e.g., the ischial tuberosities). The DI value depends on the total contact surface, and therefore, DI values are not comparable interindividually.
Although the O2C provides information about tissue oxygenation as well as tissue perfusion and hemoglobin content and velocity, only oxygenation values (%SO 2 ) were used in this experiment. Tissue oxygenation is a direct indicator of the viability of the tissue and is a result of tissue perfusion. From a physiological perspective, SO 2 is expected to decrease gradually because of occlusion of the blood vessels as a result of the external load and then sharply increase after a posture shift as a result of the reflow of blood. A fifth-order Butterworth filter with a cutoff frequency of 0.1 Hz was used to filter the DI and SO 2 data for random noise.
Data Analysis
To establish a pattern of healthy sitting behavior, we were interested in the frequency of the posture shifts and the resulting change in subcutaneous tissue oxygenation.
Posture shifts were defined by analysis of the DI data of both ischial tuberosities. To calculate posture shifts in the sagittal plane, we determined the sum of the DI values of the right and left ischial tuberosities. For movement in the frontal plane, we calculated the ratio of the mean DI values of the left and right ischial tuberosities. Threshold values for sagittal and frontal movements of ±10 percent were defined. When the signal exceeds the threshold, a posture shift is identified. Posture shifts that occurred within 1 minute were regarded as one posture shift. Posture shifts were counted and related to their respective variation in SO 2 values. Average SO 2 values of the time frames of 1 minute before and 1 minute after the posture shift were calculated. The difference between these two average values was defined as the variation in tissue oxygenation as a result of a single posture shift.
Average values of the variation in oxygenation as a result of the total number of posture shifts were calculated for each subject, along with posture shifts in the sagittal and frontal planes.
RESULTS
On the basis of changes in pressure distribution, the nondisabled subjects changed their posture on average (mean ± SD) 7.8 ± 5.2 times an hour. These posture shifts were mostly a combination of posture shifts in the sagittal and frontal planes. Approximately 80 percent of posture shifts were movements in the sagittal plane and 20 percent were movements in the frontal plane. The posture shifts corresponded to an average increase in subcutaneous tissue oxygenation of 2.2 ± 2.4 percent. Figure 1 gives a typical example of the DI and SO 2 values of one research subject during the measurement period, with the posture shifts identified. As can be seen in Figure 1 , this subject employed eight posture shifts (t1-t8) during the 60-minute measurement period, based on the DI values as indicated in the upper row. SO 2 values are displayed in the lower row. Clearly visible is the physiologically expected pattern of gradually decreasing subcutaneous SO 2 values, which increased rapidly after a posture shift.
Tissue oxygenation data were complete for all but one subject. The Table describes In the subcutaneous tissue oxygenation data, three patterns can be identified: the physiologically expected pattern, the physiologically inconsistent pattern, and the stable pattern in which no reaction in oxygenation is observed. The physiologically expected pattern is characterized by a slow decrease in tissue oxygenation followed by a rapid increase as a result of a posture shift. By contrast, the physiologically inconsistent pattern is characterized by very low tissue oxygenation values of 11 percent on average and a slow increase in tissue oxygenation values followed by a rapid decrease as a result of a posture shift. The number of posture shifts is comparable to the number of posture shifts observed in the physiologically expected pattern. The third pattern is characterized by a stable tissue oxygenation value and a lack of posture shifts.
The physiologically expected pattern was displayed by 19 of the 24 subjects. The physiologically inconsistent pattern was displayed by only 2 of the 24 subjects and was excluded from analysis because of extremely low oxygenation values. These values are commonly considered extremely hypoxic and therefore regarded as highly predictive of the onset of tissue failure [23] . The third pattern was characterized by a stable tissue oxygenation value and was identified in 3 of the 24 subjects. Because of the lack of posture shifts and the stable oxygenation values, these subjects were also excluded from further analyses.
No differences in BMI values were found among the three groups. As a result, analyses were performed on the 19 subjects displaying the physiologically expected pattern. Typical examples of four subjects displaying the physiologically expected pattern can be found in Figure 2 .
DISCUSSION AND CONCLUSIONS
The nondisabled subjects changed their sitting position on average 7.8 ± 5.2 times an hour. Subcutaneous oxygen saturation increased on average 2.2 percent with each posture adjustment, indicating the positive effects of posture shifts on tissue viability. Posture shifts in our study were approximately 80 percent movements in the sagittal plane and 20 percent movements in the frontal plane. The results of this study can be used as a reference for dynamic seating devices aimed at preventing pressure ulcers in individuals with limited sensory and motor function who use a wheelchair for mobility. The magnitude of the posture shifts is on the same order as the magnitude in Linder-Ganz et al.'s study [18] . In that study, they found that nondisabled subjects changed their posture approximately every 9 minutes in the sagittal plane (6.7 times an hour) and approximately every 6 minutes in the frontal plane (10 times an hour), as measured with pressure sensors and movement analysis. Compared with Linder-Ganz et al.'s study, subjects in the present study moved more frequently in the sagittal plane (~80%) and less frequently in the frontal plane (~20%). Linder-Ganz et al. based their analysis of nondisabled sitting behavior on pressure measurement (in order to define posture shifts in the frontal plane) and trunk-motion analysis (in order to define posture shifts in the sagittal plane). Linder-Ganz et al.'s study only quantified variation in external pressure without considering internal pressure. The present study used measurement of the DI to quantify posture shifts and used the measurement of subcutaneous tissue oxygenation as a determinant of internal pressure. In the majority of the subjects, the posture shifts were accompanied by an increase in subcutaneous SO 2 .
As a result of the posture shifts, subcutaneous SO 2 increased on average 2.2 percent, which indicates the positive effects of posture shifts on tissue viability. Yet to be studied is whether the value of 2.2 percent is sufficient to maintain tissue viability in subjects with limited motor function who use a wheelchair for mobility. A more in-depth look at the subcutaneous tissue oxygenation revealed three distinct patterns. The first pattern followed a physiological pathway that was expected in advance and, indeed, was exhibited by most subjects. Because of the external load, the buttock tissue is compressed against the bony structures of the pelvis. As a result, the internal load increases. This increase has previously been shown with FEM and experiments with test buttocks [11] [12] [13] 19, 20] . The increase in internal load causes compression of the tissue and occlusion of the blood and lymphatic vessels, resulting in a decrease in tissue oxygenation. Posture shifts can relieve the tissue and restore blood flow, thereby elevating the tissue oxygenation values. This process continues and repeats during prolonged sitting.
The second observed pattern was physiologically inconsistent. The two subjects who displayed this pattern had very low average values of tissue SO 2 at approximately 11 percent. This value is commonly considered extremely hypoxic and highly predictive of the onset of tissue failure [23] . Because these oxygenation values were extremely low, they were likely the result of measurement errors. Therefore, these subjects were excluded from the analysis.
In the third pattern, as exhibited by three subjects, average tissue SO 2 values were comparable with the average values in the physiologically expected group; however, no changes in pressure distribution and tissue oxygenation could be found. An explanation for this phenomenon could be that these subjects do have internal tissue characteristics, reflected in a different anatomy and geometry. This difference may have prevented the muscle tissue from deformation or occlusion, although no relation with the subjects' BMI could be established. However, a more plausible explanation could be that, just as in the case of the physiologically inconsistent pattern, measurement errors are responsible for these results. Despite the care with which the probes were placed, misplacement of the probes might have caused these unexpected values.
The present study uses a relative measure of the interface pressure to describe the pressure distribution. Maximum pressures and average pressures have been shown to possess low test-retest reliability [24] . The DI has been proposed as a relative measure to describe the distribution of pressure on the tuberal regions compared with the total contact surface and has been shown to have good reliability [24] . A weak qualitative relation appears to exist between interface pressure and the development of pressure ulcers [8] . As a result, no conclusive clinical threshold for the interface pressure can be given. In addition, individual characteristics, like level of mobility, body composition, nutritional state, and other comobordities, do play a role. Furthermore, the measurement of interface pressure has low internal validity for the prediction of pressure ulcers and an incongruent relation exists between pressure magnitude and duration. This results in the fact that no quantification of the predictive or prognostic value of interface pressure can be given [8] . To overcome this problem, the present study used the measurement of subcutaneous tissue perfusion and SO 2 with the O2C. At present, the O2C is the only device capable of measuring the perfusion and oxygenation of the subcutaneous tissue noninvasively up to a maximum depth of approximately 8 mm. Muscle blood flow has been reliably measured by the xenon clearance method [4] . However, this technique is invasive and requires injections with radioactive tracer material. Other measurement techniques used in the field of pressure ulcer research, like laser Doppler flowmetry [25] [26] , transcutaneous oxygen tension [15, 16] and, tissue reflectance spectrophotrometry [27] [28] , do not possess penetration depths sufficient to reach the muscle tissue and are confined to measurement of perfusion and SO 2 of the skin only. However, muscle tissue is most susceptible to developing pressure ulcers because of its high metabolic demand [29] . In addition, FEM has shown that internal stresses are highest in the muscle tissue right beneath the bone. During sitting, the gluteus maximus muscle is located at a depth of approximately 7 to 15 mm, depending on the anatomy and geometry of the other tissue structures. This means that in this study, part of the signal from the subcutaneous measurement is coming from the gluteus maximus muscle and part of the signal is coming from other subcutaneous structures. Obtaining data from only the muscle requires an even larger penetration depth, which cannot be reached noninvasively at present.
In this study, a subject population of young nondisabled males was used. This provides a homogeneous subject population but has drawbacks for universal applicability of the results. As a result of immobilization and atrophy, differences in skin anatomy and vascularization exist between subjects with and without SCI [30] . Consequently, the capability of the tissue of subjects with SCI to withstand external load will likely be reduced. To imitate the sitting situation of individuals who use a wheelchair for mobility, the nondisabled subjects in this study sat in a wheelchair during the measurement period. However, this means that the displayed sitting behavior might not have fully reflected their normal sitting behavior in their seat of choice. Caution must therefore be taken in generalizing the results of this study to the population with SCI.
The results of the present study suggest that nondisabled subjects move on average 7.8 times an hour in order to relieve the subcutaneous tissue and increase tissue viability. Posture shifts were composed mostly of movements in the sagittal plane (~80%) and movements in the frontal plane (~20%). One can conclude from these results that shifting posture at least every 8 minutes is advisable for maintenance of tissue viability in wheelchair users. The results of this study can be used as reference values for dynamic seating devices or seating interventions aimed at alternating the seating load to prevent pressure ulcers in wheelchair users. Future studies should address the effect of use of this reference value for healthy sitting behavior on the subcutaneous tissue oxygenation of wheelchair users with limited mobility. Subcutaneous SO 2 increases on average 2.2 percent with each posture adjustment, indicating the positive effects of posture shift on tissue viability. Future studies should address the relevance of this value for the population with SCI.
